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Summary
Vascular plants diverged more than 400 million years
ago into two lineages, the lycophytes and the euphyl-
lophytes [1–4]. Leaf-like organs evolved indepen-
dently in these two groups [1–3, 5, 6]. Microphylls in
lycophytes are hypothesized to have originated as lat-
eral outgrowths of tissue that later became vascular-
ized (the enation theory) [2, 3, 5–8] or through the ster-
ilization of sporangia (the sterilization hypothesis) [3].
Megaphylls in euphyllophytes are thought to repre-
sent modified lateral branches [7, 9, 10]. The fossil
record also indicates that the seed plant megaphyll
evolved uniquely in the ancestor of seed plants, inde-
pendent of megaphylls in ferns, because seed plants
evolved from leafless progymnosperm ancestors [3, 8,
11–13]. Surprisingly, a recent study of KNOX and ARP
gene expression in a lycophytewas reported to indicate
recruitment of a similar mechanism for determinacy in
both types of leaves [14]. We examined the expression
of Class III HD-Zip genes in the lycophyte Selaginella
kraussiana and in two gymnosperms, Ginkgo and
Pseudotsuga. Our data indicate that mechanisms pro-
moting leaf initiation, vascularization, and polarity are
quite different in lycophytes and seed plants, consis-
tent with the hypotheses that megaphylls originated
as lateral branches whereas microphylls originated
as tissue outgrowths.
Results and Discussion
Members of the Class III homeodomain-leucine zipper
family of transcription factors (Class III HD-Zips) inArabi-
dopsis have been shown to be involved in the formation
and function of the shoot apical meristem (SAM), axillary
meristems, and root lateral meristems and in lateral or-
gan initiation, lateral organ polarity (required for laminar
outgrowth), and vascular patterning and differentiation
in leaves and stems [15–27]. There are five Arabidopsis
Class III HD-Zip genes: ATHB8, CORONA/ATHB15
(CNA), PHABULOSA (PHB), PHAVOLUTA (PHV), and
REVOLUTA (REV). Functional analyses indicate that
REV is particularly important for the formation of meri-
stems and stem vascular patterning [15–18, 27]. PHB
and PHV are particularly important in laminar outgrowth
[20, 21]. Thus, three members of this gene family, REV,
PHB, and PHV, are involved in key leaf-developmental
processes, including organ initiation on the apex,
*Correspondence: jlbowman@ucdavis.edulaminar outgrowth, and vascularization in the Arabidop-
sis megaphyll.
Class III HD-Zip homologs have been shown to exist
throughout land plants [28–30]. We identified Class III
HD-Zip homologs from the lycophytes Selaginella
kraussiana (SkC3HDZ1 and SkC3HDZ2) and S. moellen-
dorffii (SmC3HDZ1 and SmC3HDZ2) and from the non-
flowering seed plants Ginkgo biloba (GbC3HDZ1,
GbC3HDZ2, GbC3HDZ3), Taxus globosa (TgC3HDZ1,
TgC3HDZ2), and Pseudotsuga menziesii (Douglas fir;
PmC3HDZ1, PmC3HDZ2). Phylogenetic analysis indi-
cated that GbC3HDZ1 and PmC3HDZ1 are each orthol-
ogous to Arabidopsis REV, PHB, and PHV and that all
seed-plant genes thus far identified evolved from a sin-
gle ancestral seed-plant gene [30] (Figure S1 in the Sup-
plemental Data available online). The Selaginella genes
were resolved into two sister clades, each with one
S. kraussiana sequence and one S. moellendorffii se-
quence. These two clades together form a sister clade
to the euphyllophyte sequences, indicating that a dupli-
cation of a single ancestral gene occurred within the ly-
cophyte lineage [30] (Figure S1). All vascular plant genes
diverged from a single common ancestral Class III
HD-Zip gene.
We performed in situ hybridization experiments to
examine expression patterns of Class III HD-Zip genes
in the seed plants Arabidopsis, Ginkgo, and Pseudot-
suga and in the lycophyte Selaginella kraussiana. We
observed signal from the ‘‘REV’’ clade orthologs in the
nonflowering seed plants but not for the non- ‘‘REV’’
clade probes. Both Selaginella probes resulted in obvi-
ous staining patterns. In order to interpret our results,
we also conducted anatomical analysis of apical devel-
opment.
Pseudotsuga and Ginkgo, like other seed plants, have
a SAM that consists of several populations of cells, in-
cluding one or more layers of initial cells below which
are a group of relatively quiescent central mother cells
that are surrounded by actively dividing cells of the pe-
ripheral zone [31] (Figures 1A–1E). Leaves in seed plants
vary tremendously in size, shape, and architecture (Fig-
ures S2A–S2F). However, the vasculature of the seed
plant leaf, whether a single vein or many, consists of
bundles in which the xylem is restricted to the upper
or adaxial side and the phloem to the lower or abaxial
side (Figures S2B, S2D, and S2F). All seed-plant leaves
emerge from the peripheral zone of the SAM in a (usually)
spiral phyllotaxis (Figures 1C and 1E). No provascular
tissue is evident in the apical part of the stem that is
not associated with leaf primordia (Figures 1A and 1D).
Provascular tissue is evident in primordia as soon as
they emerge from the SAM (Figures 1A and 1D).
In Selaginella, the SAM consists of one or a few dis-
tinct, pyramidal apical cells and their immediate deriva-
tives (Figures 1F and 1G). Selaginella branches dichoto-
mously from the apex by divergence of two groups of
apical cells (Figure 1f ; also Figure S2G) and is thus
unlike seed plants, which branch by means of axillary
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1912Figure 1. Apical and Stem Anatomy
(A–C) Pseudotsuga. (A) longitudinal section
through the shoot apex. (B) Transverse sec-
tion through the SAM. (C) Transverse section
through apex at the level of leaf initiation. Leaf
primordia are labeled P0 (youngest) through
P4 (oldest).
(D and E) Ginkgo. (D) Longitudinal section
through the shoot apex. (E) Transverse
section through the apex at the level of leaf
initiation. Leaf primordia are labeled P0
(youngest) through P3 (oldest).
(F–I) Selaginella. (F) Longitudinal section
through the shoot apex. Because of the diffi-
culty in capturing a narrow provascular
strand in a single longitudinal section, the
protoxylem appears to end above the arrow
but in reality continues apically to the area
of the last major stem dichotomy. (G) Enlarge-
ment of apical cells from (F). (H) Transverse
section through the apex at the level of micro-
phyll expansion (second node below the
apex). Arrows indicate expanding microphyll
primordia. Provascular tissue is not yet obvi-
ous in the stem. (I) Transverse section
through the apex at the third node below
the apex.
Abbreviations: cmz (central mother cell
zone), lf (leaf), li (ligule), lp (leaf primordium),
mi (microphyll), mp (microphyll primordium),
mpv (microphyll provascular strand), pv (pro-
vascular tissue), px (protoxylem), pz (periph-
eral zone), sam (shoot apical meristem), tr
(microphyll trace), and xm (expanding micro-
phyll primordium).meristems. The microphyllous leaves are scale-like, with
a single vein comprising a small amount of xylem sur-
rounded by phloem (Figures S2G and S2H). Microphyll
primordia form as small outgrowths in four distinct
ranks, two dorsal and two ventral (Figure 1H; also Fig-
ure S2G), on the flanks of the apical dome (Figure 1f).
A structure called a ligule develops on the adaxial side
of every microphyll. Ligules begin to form just as the
young microphyll primordia begin to expand (and thus
mark the stage at which we designate expanding micro-
phyll primordia) (Figures 1f and 1I).
The stem vascular system of S. kraussiana comprises
two separate strands (meristeles), with xylem com-
pletely surrounded by phloem (Figures 1F and 1I). The
two stem provascular strands are evident immediately
below the apical dome at the level of the first expanding
microphyll (Figure 1F). The earliest microphyll provascu-
lar tissue is evident in expanding microphyll primordia,
not in the newly formed primordia (Figure 1F).The mRNAs of the two Selaginella genes are ex-
pressed in distinctly different patterns. Expression for
SkC3HDZ2 is strong in the apical cells (Figures 2A and
2B) and diverges just below the position of the apical
cells into two bands that define the location of the two
provascular strands (Figures 2A and 2C). SkC3HDZ2
staining defines this pattern even in the shoot’s apical
dome, where provascular tissues are not yet anatomi-
cally evident (Figures 1F, 1H, and 2A). In older tissues,
SkC3HDZ2 signal diminishes in the provascular strand
except for highly localized points of strong signal that
correspond to the first-maturing tracheary elements
(protoxylem) in both stem and microphyll (Figures 1F
and 2D). Thus, SkC3HDZ2 appears to have a role in api-
cal meristem function and in the origin of the cauline
vascular tissue. Expression patterns also suggest that
SkC3HDZ2 directs the differentiation of xylem because
in older tissues strong expression is limited to stem
and microphyll protoxylem.
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1913Figure 2. In Situ Hybridization of Class III HD-Zips in Selaginella
Purple stain indicates the localized hybridization of the antisense RNA probe.
(A–D) SkC3HDZ2. (A) A longitudinal section through the shoot apex shows expression in apical cells, the center of the apical dome, stem pro-
vascular strands, and differentiating leaf traces. (B) Transverse section through apical cells and young microphyll primordium. (C) Transverse
section though the shoot at the level of expanding microphyll primordia. (D) Transverse section though the shoot at about the fourth or fifth dorsal
pair of microphylls.
(E–H) SkC3HDZ1. (E) Longitudinal section through the shoot apex. Shown is expression in expanding microphyll primordia, microphyll provas-
culature, and stem provascular strands below the level of microphyll provascular connection. (F) Transverse section through apical cells and
young microphyll primordium. (G) Transverse section though the shoot at the level of the earliest expanding microphyll primordium. Primordia
are labeled mp1, mp2, and xm from youngest to oldest. Strong expression is evident at the base of xm. (H) Transverse section though the shoot at
about the fourth or fifth dorsal pair of microphylls.
Abbreviations: mi (microphyll), mp (microphyll primordium), mpv (microphyll provascular strand), ph (phloem), pv (provascular tissue), px
(protoxylem), sam (shoot apical meristem), x, (xylem), and xm (expanding microphyll).In contrast, signal from the SkC3HDZ1 antisense
probe is weak in the apex at the level of the initial cells
(Figures 2E and 2F). Strong signal is evident in a localized
manner on the adaxial side of expanding microphylls
(Figures 2E and 2G). This corresponds to the location
of the nascent ligule in younger microphylls (Figure 1F).
In older parts of the shoot, it appears that this focus of
expression remains central in the expanding microphyll
(at the base of the ligule) and extends both outward as
the microphyll grows and inward toward the nearest
stem provascular strand; it thus clearly defines where
the microphyll vascular trace will differentiate (Figures
2E and 2H). Staining from the SkC3HDZ1 probe is visible
in the stem provasculature below the level at which
SkC3HDZ1 expression in the microphyll is continuous
with the stem provascular strand (Figure 2e, h). The sig-
nal for this probe in stem provasculature is limited to the
provascular strand’s outer cell layers that differentiate
into phloem and pericycle (Figure 2H). SkC3HDZ1 ex-
pression appears to be associated with ligule initiation,
vascularization of the already initiated microphylls, and
definition of the outer tissues of the meristeles.
In situ data strongly suggest that SkC3HDZ1 and
SkC3HDZ2 have complementary roles in development
of the shoot apex and tissues within the vascular strand
and that stem and microphyll vascularization areseparated both spatially and temporally and are initiated
by two different genes. This is consistent with the hy-
pothesized origin of microphylls as superficial lateral
outgrowths [5, 6] that became secondarily vascularized
by recruitment of a similar genetic mechanism that oper-
ates to define stem vasculature.
Expression of Ginkgo GbC3HDZ1 and that of Pseu-
dotsuga PmC3HDZ1 are similar to each other and simi-
lar to expression ofArabidopsis ‘‘REV’’ clade genes (Fig-
ure 3). In contrast to Selaginella, foci of expression in the
apex occur in the meristem peripheral zone where leaf
primordia form (Figures 3A, 3B, 3E, 3H, and 3I). Strong
expression continues in primordium tips as they grow
away from the apex (Figures 3C and 3J). The strongest
expression occurs where the primordium provascular
strand develops (Figures 3B, 3C, 3F, 3I, and 3J), and ex-
pression continues from the tip of the primordium into
the stem, as does the provascular strand (Figures 3A,
3D, and 3H). The signal to initiate stem and leaf provas-
cular tissue originates from the primordia in the periph-
eral zone. Expression data and functional data fromAra-
bidopsis indicate that ‘‘REV’’ clade genes regulate apical
meristem formation and growth, adaxial patterning and
identity in leaves, and provascular patterning and differ-
entiation. Expression of GbC3HDZ1 and PmC3HDZ1 in-
dicate these orthologous genes are involved in the same
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1914Figure 3. In Situ Hybridization of Class III HD-Zips in Seed Plants
Purple stain indicates the localized hybridization of the antisense RNA probe.
(A–D) REV expression in Arabidopsis. (A) A longitudinal section through the shoot apex shows foci of expression in the peripheral zone of the
SAM, adaxial expression in leaf primordia, and provascular tissue of the primordia, stem, and leaves. (B) Transverse section through the
apex at the level of leaf primordia. Primordia are labeled P0–P7 from youngest to oldest. (C) Transverse section of the same apex as that in
(B) above the level of the emerging primordia. More distal regions of P5–P6 shown, indicating that REV expression remains more generally
adaxial in growing tips.
(D–G) PmC3HDZ1 expression in Pseudotsuga. Brown staining indicates the presence of oxidized tannins. (D) Longitudinal section through the
shoot apex. (E) transverse section through the SAM above the level of primordia initiation. (F) Transverse section through the apex at the SAM
peripheral zone. Leaf primordia are labeled P0–P4 from youngest to oldest. Dashed lines demarcate P0 and P1. (G) Young leaves are arranged
from oldest to youngest (top to bottom). Initial staining throughout the provascular strand becomes restricted to the adaxial side.
(H–J) GbC3HDZ1 in Ginkgo. (H) Longitudinal section through shoot. (I) Transverse section through the apex at the SAM peripheral zone. Leaf
primordia are labeled P0–P3 from youngest to oldest. Dashed lines demarcate primordia. (J) Transverse section of the same apex as that in
(I) above the level of the emerging primordia. More distal regions of P2 and P3 shown.
Abbreviations: cmz (central mother cell zone), lf (leaf), lp (leaf primordia), pv (provascular tissue), px (protoxylem), and sam (shoot apical
meristem).developmental processes in Ginkgo and Pseudotsuga.
In contrast to Selaginella, in Ginkgo and Pseudotsuga
a primary Class III HD-Zip gene appears to be involved
in initiation of stem and leaf vasculature from the same
peripheral signal in the SAM. This is consistent with
anatomical and experimental observations that seed-
plant vasculature is primarily of foliar origin [32–35].Furthermore, this gene may also determine adaxial iden-
tity of the leaf. These data support the hypothesis that
the seed plant leaf evolved from a lateral branch system
by utilizing existing stem developmental machinery and
that the same ancestral ‘‘REV’’ clade Class III HD-Zip
gene that was involved in initiation of vascularization
of lateral appendages acquired a new role in
Origins of Leaf Development
1915dorsiventral patterning prior to the divergence of gym-
nosperm and angiosperm ancestors.
Our observations of Class III HD-Zip expression in
seed plants and Selaginella indicate that genetic devel-
opmental programs for initiation and vascularization of
microphylls and megaphylls are different. In addition,
in seed plants, but not Selaginella, Class III HD-Zips
play a role in dorsiventral polarity, and this role has
been shown to be essential for subsequent laminar
outgrowth [21, 36–38].
Determinate growth is another key feature of lateral
organs. A KNOX/ARP mechanism that regulates leaf de-
terminacy was proposed to have been independently
recruited into the process of forming microphylls and
megaphylls [14]. Existing theories for the origin of micro-
phylls postulate that they evolved from either enations
or sporangia, both of which were preexisting, determi-
nate structures. If either hypothesis is true, then the
KNOX/ARP mechanism must have already been in place
prior to the evolutionary transformation to a microphyll.
The downregulation of KNOX genes in angiosperm
leaves by ARP genes has been described as an impor-
tant mechanism promoting determinacy in megaphyl-
lous leaves ([14, 39] and references therein). That this
mechanism correlates with developmental and evolu-
tionary differences between simple and compound
leaves in seed plants has been well demonstrated [39,
40]. All seed-plant leaves (both simple and compound)
have meristematic (organogenic and histogenic) growth,
however [9, 41, 42], and the differential regulation of
KNOX genes does not determine whether leaves grow
indefinitely but whether they have simple or complex
architectures. This likely reflects the evolutionary transi-
tion from a lateral branch system, with axial growth from
SAMs, to a leaf with laminar growth [9]. This evolutionary
transition required the ability both to suppress shoot-like
growth and to promote laminar growth. In Arabidopsis,
AS1 negatively regulates BP and KNAT2, but not STM,
in leaf primordia [43]. The leaf-specific YABBY genes
FIL and YAB3 have been shown to downregulate STM
in addition toBP andKNAT2 [44] in addition to their dem-
onstrated roles in promoting abaxial identity and direct-
ing laminar outgrowth in Arabidopsis leaves [45, 46].
Because YABBY homologs have been cloned from
many angiosperms and gymnosperms [47, 48] but are
not present in the Selaginella moellendorffii or Physco-
mitrella genomes [47], this may represent a unique de-
velopmental mechanism for promoting leaf-like growth
of lateral appendages in seed plants and is certainly
a leaf-development process that is not shared between
Selaginella and seed plants. The mechanisms that regu-
late the determinacy of laminar growth are as yet un-
known, although TCP genes are intriguing candidates
[49, 50]. Thus, although Class I KNOX and ARP genes
may play a role in the development of microphylls and
megaphylls, it is likely they were recruited independently
in lycophytes for development of a pre-microphyllous
structure and in seed plants for the suppression of
shoot-like growth in evolving megaphylls. If microphylls
evolved from enations, which were neither shootlike nor
indeterminate, it is unlikely that KNOX genes were ever
involved in their development. Functional analyses are
needed to determine whether the loss of function of the
SkARP gene results in the ectopic expression of KNOXin developing microphylls and whether this causes ‘‘in-
determinate’’ growth in microphylls. If not, then the claim
that suppression of SkKNOX genes by SkARP was
a mechanism recruited to control determinacy of micro-
phylls would not be well supported.
Conclusions
Comparative analyses of development of Class III HD-
Zip expression clearly indicate that developmental pro-
grams for lycophyte microphylls and seed-plant mega-
phylls differ in initiation, vascularization, and laminar
growth, even though related genes are involved in
some of these processes. Our data, combined with pub-
lished results of developmental geneticists, paleobota-
nists, and comparative anatomists, are beginning to
shed light on some of the long-standing questions about
the evolution of plant form. This highlights the impor-
tance of an approach that attempts to understand plant
development by integrating all of the available evidence
and takes into account the evolutionary history of organ-
isms and genes.
Experimental Procedures
Histology
Shoot apices were fixed in a solution of 1.5% glutaraldehyde, 1%
paraformaldehyde, and 4% acrolein in Pipes buffer for a minimum
of 24 hr, then rinsed and dehydrated through an ethanol series to
95% ethanol. Specimens were then embedded in glycol methacry-
late and serially sectioned at 5 mm. Slides were stained in 0.1% tolu-
idine blue and photographed on a Zeiss Axioskop microscope equip-
ped with a Zeiss Axiocam digital camera via bright-field microscopy.
In Situ Hybridization
Tissues were fixed in FAA or PFA overnight and then dehydrated
through an ethanol series to 100% ethanol. The ethanol was gradu-
ally replaced with Histo-Clear II (National Diagnostics). The Histo-
Clear was gradually replaced with Paraplast X-tra (Fisher Scientific)
at 56C. Embedded specimens were sectioned at 10–12 mm and
dried overnight at 37C. Digoxigenin-labeled antisense and sense
RNA probes were prepared from full-length or partial cDNA clones.
Our prehybridization, hybridization, and posthybridization proce-
dures were based on that of Vielle-Calzada et al. [51] with some
modifications. A detailed protocol is available from the authors
upon request. Slides were examined and photographed on a Zeiss
Axioskop microscope equipped with a Zeiss Axiocam digital camera
via either bright-field or differential-interference-contrast (DIC)
microscopy.
Supplemental Data
Two supplemental figures are available online at http://www.
current-biology.com/cgi/content/full/16/19/1911/DC1/.
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